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Taxonomy and distribution of epiphytic cacti in Uruguay - notes
towards a checklist of Cactaceae of Uruguay, Part 3
Abstract
The most recent treatments of the family Cactaceae for Uruguay are that of Arechavaleta (1905), Osten
(1941), and Herter (1953-55). While the globular members of the family (Parodia [including
Notocactus], Frailea, and Gymnocalycium) are relatively well known through numerous later individual
publications, the epiphytic species of Lepismium and Rhipsalis are comparatively poorly-known. Based
on herbarium material and recent collections, we present data on the geographical distribution and
taxonomy for two species of Lepismium and two species of Rhipsalis. Lepismium cruciforme and
Rhipsalis floccosa are new records for the flora of Uruguay. The occurrence of Epiphyllum phyllanthus
in Uruguay could not be confirmed.
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ABSTRACT
Mid-late Pleistocene fossil hominins such as Homo neanderthalensis
and H. heidelbergensis are often described as having extensively pneuma-
tized crania compared with modern humans. However, the signiﬁcance of
pneumatization in recognizing patterns of phyletic diversiﬁcation and/or
functional specialization has remained controversial. Here, we test the
null hypothesis that the paranasal sinuses of fossil and extant humans
and great apes can be understood as biological spandrels, i.e., their mor-
phology reﬂects evolutionary, developmental, and functional constraints
imposed onto the surrounding bones. Morphological description of well-
preserved mid-late Pleistocene hominin specimens are contrasted with
our comparative sample of modern humans and great apes. Results from
a geometric morphometric analysis of the correlation between paranasal
sinus and cranial dimensions show that the spandrel hypothesis cannot
be refuted. However, visualizing speciﬁc features of the paranasal sinus
system with methods of biomedical imaging and computer graphics
reveals new aspects of patterns of growth and development of fossil homi-
nins. Anat Rec, 000:000–000, 2008.  2008 Wiley-Liss, Inc.
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During the past years, a growing number of studies
have been focusing on the structure and function of par-
anasal sinuses in great apes, living humans, and fossil
hominins. Patterns of presence/absence of sinuses in dif-
ferent taxonomic groups, as well as patterns of morpho-
logical variability within groups, are now documented at
a high level of comprehensiveness and detail and give
interesting insights into the complex evolutionary his-
tory of these structures. Intriguingly, however, basic
questions relating to the why and wherefore of pneuma-
tization remain largely unanswered.
The fact that sinus morphology is difﬁcult to interpret,
and that sinus function remains elusive, has various
reasons. One major reason is the morphological complex-
ity and remarkable diversity displayed by one and the
same structure within any given taxon, and even
between left and right sides of any given individual.
This makes it difﬁcult to quantify and compare sinus
morphology beyond measurements of volume and overall
extension. Another reason is the remarkable diversity of
functional hypotheses proposed with regard to pneuma-
tization. Relating sinus function to otic and respiratory
physiology, biomechanics, and climate is often plausible,
but empirical evidence for or against speciﬁc hypotheses
remains equivocal, such that alternative hypotheses can-
not be corroborated with convincing evidence.
Structure, development, function, and evolution of
sinuses are currently investigated with various methods.
Structure is best investigated using computed tomogra-
phy (CT) as a noninvasive imaging tool to document and
quantify within and between taxon variability, as well
J_ID: Z3X Customer A_ID: 08-0121 Cadmus Art: AR20779 Date: 22-SEPTEMBER-08 Stage: I Page: 1
ID: selvarajj Date: 22/9/08 Time: 16:58 Path: J:/Production/AR##/Vol00000/080160/3B2/C2AR##080160
*Correspondence to: Christoph P.E. Zollikofer, Anthropologi-
cal Institute, University of Zurich, Winterthurerstrasse 190,
CH-8057 Zurich, Switzerland. Tel.: 141-44-635-5427. Fax: 141-
44-635-6886. E-mail: zolli@aim.uzh.ch
Received    AQ2; Accepted   .
DOI 10.1002/ar.20779
Published online 00 Month 2008 in Wiley InterScience (www.
interscience.wiley.com).
 2008 WILEY-LISS, INC.
THE ANATOMICAL RECORD 000:000–000 (2008)
as developmental change (Wind, 1984; Koppe and
Ohkawa, 1999; Chaiyasate et al., 2007). Moreover, com-
puter simulations of sinus morphogenesis can be used as
model systems to better understand the basic principles
of pneumatization (see companion article). Functional
hypotheses, on the other side, are best tested against a
generalized null hypothesis, stating that pneumatization
is most parsimoniously seen as a biological spandrel
sensu Gould and Lewontin (1979). From this perspec-
tive, air-ﬁlled spaces represent a spatial compromise at
the interface between different functional/developmental
compartments of the cranium rather than structures
adapted to a speciﬁc function. Following this line of
argument, mucous tissue of the nasopharyngeal cavity
opportunistically invades adjacent intraosseous compart-
ments, occupying the available space while obeying bio-
mechanical minimum conditions (Sherwood, 1999).
Finally, questions relating to the evolution of air-ﬁlled
spaces are best addressed with comparative studies of
extant and fossil specimens (Rae, 1999; Witmer, 1999;
Rossie et al., 2002). In the hominin clade, only relatively
few fossil specimens are available, such that assessment
of intra- versus interspeciﬁc variability and phyletic
interpretation are challenging tasks. Even worse, most
specimens are fragmentary, such that it is often impossi-
ble to relate paranasal sinus morphology to overall cra-
nial morphology. Interestingly, since the very beginnings
of human paleontology, the morphology of paranasal
sinuses was used as an argument for or against the spe-
ciﬁc taxonomic status of fossil hominins. For example, in
a discussion of the frontal sinus of the Neanderthal type
specimen, Davis (1865) questions the taxonomic rele-
vance of this feature because, in modern humans,
sinuses are ‘‘liable to variation,’’ and no apparent corre-
lation exists between frontal sinus morphology and the
external aspect of the glabellar region.
Neanderthals have always been the cornerstone dur-
ing the discussion of paranasal air spaces in fossil homi-
nins. While cranial pneumatization is typically believed
to have been reduced during the evolution of the genus
Homo (Sherwood et al., 2002), Neanderthal crania are
often described as heavily pneumatized (Heim, 1974,
1997). In fact, their remarkable facial and nasal mor-
phology exhibits a suite of traits, which have been
considered autapomorphic, and associated with cold adap-
tation (Coon, 1962), special respiratory functions
(Schwartz and Tattersall, 1996), and with biomechanical
constraints during mastication and paramasticatory
functions (Rak, 1986; Demes, 1987).
Studies focusing explicitly on the paranasal sinus mor-
phology of fossil hominins essentially adopt the same set
of baseline arguments to identify speciﬁc morphological
traits and possible functional contexts. For example, in
an analysis of cranial pneumatization in mid-Pleistocene
Homo specimens, various features of the sinus system
are described as unique (Seidler et al., 1997), and a geo-
metric–morphometric analyses of internal and external
sagittal vault proﬁles establishes potential relationships
between shape and biomechanical constraints (Pros-
singer et al., 2000; Ravosa et al., 2000). On the other
side, a recent study of temporal pneumatization in Asian
H. erectus supports the notion that patterns of pneuma-
tization are highly variable and constrained only by
the morphology of the temporal bone (Balzeau and
Grimaud-Herve´, 2006).
The aim of the present study is to add to the empirical
evidence of paranasal sinus morphology in fossil homi-
nins and in a comparative sample of extant humans and
great apes. Rather than seeking evidence for potentially
apomorphic traits and speciﬁc functional contexts, we
look at sinus morphology from the perspective of the
‘‘spandrel’’ null hypothesis. To test this hypothesis, we
follow a double approach. First, we provide detailed
descriptions of sinus morphology in a sample of well-pre-
served mid-late Pleistocene hominin specimens and ask
whether paranasal sinus morphology in this sample dif-
fers substantially from sinus morphology in our compar-
ative sample of modern humans and great apes. Second,
using methods of geometric morphometrics, we ask
whether sinus form can be explained statistically as a
function of cranial form. In both cases, the null hypothe-
sis can be rejected if the fossil hominin sample stands
out of general patterns of covariation between sinus
morphology and cranial morphology. Finally, we provide
a tentative interpretation of our ﬁndings in terms of pos-
sible developmental and/or functional factors inﬂuencing
the morphology of the paranasal sinus system.
MATERIALS AND METHODS
Fossil Sample
The fossil hominin sample consists of six adult Nean-
derthal specimens (Gibraltar 1 [Forbes’ Quarry], Tabun
C1, La Ferrassie 1, Amud 1, Neanderthal-type specimen
[Kleine Feldhofer Grotte], and Spy1), and the Broken
Hill specimen, which is typically attributed to Homo hei-
delbergensis or archaic H. sapiens. In the Forbes’ Quarry
specimen, the entire paranasal sinus system is pre-
served, but partially ﬁlled with coarse-grained limestone
breccia (as was the nasal cavity prior to preparation).
Sediments are still present in the right maxillary sinus,
in many of the ethmoid air cells, and along the medial
wall of the left maxillary sinus. The right maxilla exhib-
its some damage on its lateral and posterior sides, and
the right orbital ﬂoor is eroded. Most of the left maxil-
lary sinus, as well as the frontal and sphenoid sinuses,
are free of sediment and in good state of preservation.
To stabilize the thin bony walls of the left maxilla, the
frontal, and the sphenoid, the respective sinuses were
partially ﬁlled with plaster. During preparation and con-
servation of the specimen, the nasal cavity was partially
freed from sediment. Close inspection of the lateral
nasal walls shows breakage of lamellar bone, and the
relative contribution of sediment and bone to the current
surface structures remains unclear.
The cranial vault of the Neanderthal type specimen is
almost complete but exhibits an anteroposterior crack,
which was ﬁlled with plaster, probably shortly after the
specimen’s discovery. During this process, the frontal
sinus was partially ﬁlled with plaster. Otherwise, the
frontal sinus is almost completely preserved and exhibits
only minor deterioration at the frontoethmoidal suture.
The well-preserved left zygomatic bone contains a recess
of the maxillary sinus. This bone, which clearly belongs
to the Neanderthal type specimen, has a remarkable his-
tory. During the 1997 survey excavations in the Neander
Valley, the original ﬁllings of the Feldhofer Cave could
be identiﬁed, and numerous stone artifacts, faunal
remains, and hominin bones were recovered from the
place where the ﬁllings had been dumped in 1856. Fur-
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ther excavations yielded a total of 73 hominin bone frag-
ments, three of which matched the 1856 ﬁnds: the left
zygomatic bone, a right temporal fragment, and a frag-
ment of the left lateral femoral condyle (Schmitz et al.,
2002; Smith et al., 2006).
Following CT data acquisition, the Tabun C1, Amud 1,
and Spy 1 crania were decomposed electronically into
isolated fragments and then reassembled on the com-
puter screen following standard procedures. The basic
aim of virtual reconstruction was to correct existing
deformations, and to readjust the position and orienta-
tion of the facial parts relative to the neurocranium.
These specimens exhibit similar patterns of deteriora-
tion: each of them suffered breakage in the area of the
frontal sinuses, but basic sinus dimensions can be recov-
ered with fair precision. The midfacial skeleton is frag-
mentary, such that information on the maxillary, eth-
moid, and sphenoid sinuses is not available. The La Fer-
rassie 1 specimen was available as a cast, and frontal
sinus dimensions were derived from the literature
(Vlcek, 1967).
The Broken Hill cranium preserves the complete sys-
tem of paranasal sinuses, with only minor damage to
the orbital walls of the ethmoid, and to the right sphe-
noid sinus (which contains minor plaster ﬁllings).
Comparative Sample of Extant Species
Modern humans are represented by a mixed-popula-
tion sample (N 5 10), comprising European, African,
Patagonian, Inuit, and Australian crania, plus the cra-
nium derived from the Visible Male data set. This sam-
ple was composed to represent wide diversity in para-
nasal sinus morphology and cranial shape. The great
ape sample consists of mixed-population subsamples of
Pan troglodytes, Gorilla gorilla, and Pongo pygmaeus.
Each species is represented by N 5 8 specimens (four
females, four males). Specimens are from the collections
of the Anthropological Institute, University of Zurich;
the Royal Africa Museum, Tervuren (Belgium); and the
Bayrische Staatssammlungen, Mu¨nchen.
Data Acquisition and Processing
Digital volume data of all specimens were acquired
with medical CT. The average spatial resolution of the
reconstructed images is 0.3 mm per voxel in x,y,z direc-
tions. Because of the high X-ray density of the Broken
Hill cranium, the extended Hounsﬁeld scale option was
applied to produce cross-sectional images resolving the
full range of density variation in this specimen.
CT data acquisition of the paranasal sinuses requires
special tuning of imaging parameters, because bony
lamellae between air-ﬁlled cells and lobes are typically
thinner than the minimum spatial resolution of medical
CT scanners. Because of the resulting partial volume
effects, these structures are imaged at lower than actual
X-ray densities. This effect was taken into account dur-
ing data segmentation by preﬁltering images with a
high-pass ﬁlter, thus enhancing the contrast between
small-scale structures and the surrounding air. To
extract the paranasal sinus volumes from the surround-
ing bone, we used interactive ﬂood-ﬁll segmentation
algorithms implemented in the software package Amira
(Konrad-Zuse-Zentrum fu¨r Informationstechnik, Berlin).
In the fossil specimens, sediment and plaster ﬁllings
were removed electronically prior to segmentation of the
sinus volume.
Data Visualization
Traditionally, sinuses are visualized as solid volumes
within transparent bone. Alternatively, for better visibil-
ity, a virtual window is cut into the bone to see the
sinuses contained in the bone (Koppe and Ohkawa,
1999). However, because bony surfaces are visualized in
front of the sinuses or removed entirely, it is often difﬁ-
cult to assess the exact spatial relationships between
air-ﬁlled spaces and the surrounding bone. We thus use
an alternative visualization paradigm: taking into
account the fact that sinuses represent intraosseous
compartments, it is most informative to visualize them
as solid objects contained within bony walls, while
removing the wall directed toward the observer. This
can be achieved by digitally removing all surfaces ori-
ented toward the observer (Fig. F11). This procedure ren-
ders sinuses as ﬁlled spaces seen from outside, and bony
surfaces as seen from inside.
Morphometric Analysis
Here, we concentrate on correlations of frontal sinus
dimensions with cranial size and shape. Frontal sinus
form was quantiﬁed by its maximum extensions in the
three main anatomical directions: mediolateral (width),
caudocranial (height), and anteroposterior (depth), as
deﬁned by Vlcek (1967). As a proxy for frontal sinus size
Sf, we used the geometric mean of these three measure-
ments (P. pygmaeus does not exhibit a frontal sinus
proper, but the respective interorbital space is occupied
by superior recesses of the maxillary sinuses (Koppe and
Ohkawa, 1999), which are present in all specimens of
our sample). Although direct sinus volume measure-
ments are technically feasible, the volume strongly
depends on the development of individual ﬁngering pat-
terns (see paper on sinus morphogenesis), while Sf is a
good indicator of the maximum dimensions of the sinus
in all three directions of space.
Cranial form was quantiﬁed by 80 three-dimensional
external and internal cranial landmarks, deﬁning loca-
tions of homology between all crania in the sample.
Form variability in the sample was analyzed with princi-
pal components analysis (PCA) of shape (Dryden and
Mardia, 1998). Following calculation of cranial centroid
size Sc for each specimen, specimens are normalized to
centroid size S 5 1 and superimposed with generalized
least-squares ﬁtting (Rohlf and Slice, 1990). Shape vari-
ation in the sample can then be decomposed into a suite
of statistically independent factors of shape variation
(i.e., principal, PCs) accounting for the largest, second
largest, etc. proportions of the total shape variability in
the sample. Typically, the ﬁrst few PCs account for a
high proportion of the total variability, such that higher-
order PCs can be omitted without loss of signiﬁcant mor-
phometric information.
To evaluate the relationship between sinus size and
cranial size, log(Sf) was regressed on log(Sc). The resid-
uals of this allometric regression function quantify vari-
ation in sinus size independent of variation in cranial
size and can thus be used as a measure of sinus shape
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Sf. In the following step, Sf was regressed against cra-
nial shape. This was done for each PC separately
(because of the inhomogeneous distribution of species
subsamples in shape space, multivariate regression of
sinus shape on all cranial shape PCs cannot be used
here). Signiﬁcant patterns of covariation between cranial
and sinus shapes were visualized by means of cranial
shape transformation, using methods described else-
where (Zollikofer and Ponce de Leo´n, 2002).
RESULTS
Morphological Observations
Forbes’ Quarry. Compared with other Neander-
thals, such as the type specimen and the Amud cranium,
the Forbes’ Quarry cranium is relatively lightly built,
with only moderate facial superstructures. In congru-
ence with its external morphology, the pneumatization
of the face is also relatively moderate (Fig.F2 2A). The sys-
tem of ethmoid air cells is conﬁned to the interorbital
space and does not invade the supra- and postorbital
areas, as in other Neanderthal specimens (see later), but
the crista galli contains a well-developed air cell. As a
whole, the ethmoid air cells occupy a relatively low but
anteroposteriorly extended space in the cranium, in cor-
respondence with the elongated orbital cavities typical
for the Neanderthals. The sphenoid sinus consists of
three compartments, all conﬁned to its body and not
extending toward the greater wing. A relatively narrow
central air cell, which originates from the left sphenoid
concha, occupies the space between the sellar and the in-
ferior faces of the sphenoid body, and partially invades
the basioccipital through the spheno-occipital synchond-
rosis. Two lateral cells, originating from the left and
right conchae, respectively, extend toward the infratem-
poral fossae. The frontal exhibits pronounced asymme-
try. On its right side, it extends until above the supraor-
bital notch and ramiﬁes into several lobes. On its left
side, it is essentially conﬁned to the glabellar region.
Because the left supraorbital region is damaged, sedi-
ment ﬁlling of the lateral parts of the left frontal sinus
must be taken into consideration. However, CT-based
analysis of the bone structure in this region shows no
evidence of sinus walls, which typically appear as dense
rims on CT images, exhibiting higher X-ray absorption
than cancellous bone. The well-preserved left maxillary
sinus exhibits formation of lobes around the infraorbital
canal; likewise, the zygomatic recesses are well devel-
oped and extend beyond the maxillozygomatic suture
into the zygomatic bone. In lateral view, this sinus has
an elongated shape, reﬂecting the anteriorly extended
shape of the Neanderthal midface.
Neanderthal type specimen. Compared to the
robust external appearance and well-developed supraor-
bital torus and glabellar eminence of this cranium, the
frontal sinus exhibits only moderate development in
both lateral and superior directions (Fig. 2B). The left
zygomatic bones contains two deep recesses of the maxil-
lary sinus, which intrude into the maxillary process of
this bone well beyond the maxillozygomatic suture and
reaching the level of the zygomatico-orbital foramina.
Spy 1, Tabun C1, Amud 1. Although the supraor-
bital region in these specimens is heavily damaged, it is
possible to reconstruct the overall dimensions (width,
height, depth) of the frontal sinus. Like in the Neander-
thal type specimen, the frontal sinus in these three
specimens is wider than high, extending laterally toward
the highest points of the orbits.
Broken Hill. The sinus system of this robust spec-
imen is well developed (Fig. 2C). The ethmoid sinus is
wide mediolaterally, corresponding to the wide interorbi-
tal distance. It extends laterally into the supraorbital
area of the frontal bone, forming sheet-like lobes that
intrude into the thin diploic region between the medial
orbital roofs and the ﬂoor of the anterior cranial fossa.
The frontal sinus also exhibits two sheet-like extensions
into the superior orbital region. The squamous portion
of the frontal sinus is conspicuous. It consists of ﬁnger-
like lobes extending into the frontal squamae while
closely following the shape of the internal table. This
fan-like structure has additional, mushroom-like exten-
sions protruding anteriorly into the supraorbital torus,
and notably into the glabellar eminence. Like in Forbes’
Quarry, the frontal sinus exhibits considerable asymme-
try. Here, the left side extends until the lateral orbital
rim, while the right side does not extend beyond the
supraorbital notch. The sphenoid sinus compartment is
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Fig. 1. Visualization paradigm for endocranial cavities. A: During traditional rendering, only those surfa-
ces are visualized whose normals point toward the observer (white). During cavity rendering, only those
surfaces are visualized, whose normals point away from the observer (black). B: traditional rendering. C:
Cavity rendering. Note that sinuses appear as ﬁlled spaces, whereas the surrounding bone appears as a
cavity. This facilitates assessment of the spatial relationships between sinuses and bony boundary struc-
tures.
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Fig. 2. Paranasal sinus morphology in fossil and modern humans.
A: Forbes’ Quarry (Gibraltar 1) Neanderthal. B: Neanderthal-type spec-
imen. C: Broken Hill specimen. D: Modern human (visible human data
set, male individual). E: Modern human (Ona, Tierra del Fuego, Natural
History Museum, London, spec. #1933.6.15.1). Specimens are ori-
ented in the Frankfurt plane and shown (from left to right) in left lateral,
frontal, superior views, and at an angle of 45 degree off the midsagit-
tal plane. All internal surfaces are oriented toward the observer, and
external surfaces are not visualized. Color codes: green: ethmoid
sinus; orange: sphenoid sinus; blue: frontal sinus; violet: maxillary
sinuses. Arrows: a: tripartite sphenoid sinus; b: double recess of max-
illary sinus into zygomatic bone; c: squamous frontal sinus; d: expan-
sion of sphenoid sinus into greater wing; e: ethmoid (and frontal) sinus
lobes in orbital roof; f: anterior expansion of frontal sinus.
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comparatively short anteroposteriorly, but exhibits lat-
eral lobes that extend around the posterior region of the
orbital cavities, and intrude into the greater wings of
the sphenoid. This latter condition was described as
unique (Seidler et al., 1997), but it is also found in mod-
ern humans (Terra et al., 2006). The maxillary sinuses
exhibit a lobed structure, wrapping around various in-
ternal bony crests, which correspond to the canal for the
anterior superior alveolar nerve and vessels and its ram-
iﬁcations, as well as to the canal of the zygomaticofacial
nerve and vessels.
Modern humans. Figure 2D,E shows the para-
nasal sinus morphology of two human crania, both of
which are comparatively large and robust. These speci-
mens were chosen to illustrate within-species variability
in the relationship between superstructures and endo-
cranial cavities. Interestingly, the comparatively robust
Ona (Tierra del Fuego) specimen (Fig. 2E) has a less-
developed frontal sinus than the visible human (Fig.
2D). As a qualitative observation, it may be stated that
the presence of a strong glabellar prominence and asso-
ciated supraglabellar depression is often correlated with
absence of a frontal squamous sinus in modern humans.
Conversely, formation of a squamous sinus is accompa-
nied by anterior bulging of the external table of the fron-
tal bone, which levels out the supraglabellar depression.
Correlation of Frontal Sinus Form
With Cranial Form
According to our null hypothesis, it can be expected
that the form of ethmoid, sphenoid, and maxillary
sinuses essentially reﬂects the form of the available spa-
tial compartments that are formed as a consequence of
differential developmental trajectories of the neurocra-
nium and viscerocranium. The frontal sinus assumes a
somewhat special position. Development of the outer ta-
ble of the frontal squama is less constrained—both func-
tionally and developmentally—than that of other cranial
regions containing sinuses. Assuming that sinuses are
more than spandrels, it can thus be expected that the
frontal sinus is the most likely candidate to show corre-
lation between form and speciﬁc sinus function, and
that its form is only weakly related to developmental
and functional constraints of the cranium as a whole.
Analyzing correlations between frontal sinus form and
cranial form is thus the most sensitive test of the span-
drel null hypothesis.
The results of correlation analyses between frontal
sinus dimensions and cranial dimensions are shown in
Figs.F3 3 andF4 4. Sinus size Sf is related to cranial size Sc
with a positive allometric coefﬁcient (2.473), and the
slope of the log-linear regression function is different
from zero (Fig. 3B). The residuals of this regression
function, which serve as a proxy for sinus shape Sf,
were then tested for correlation with all PCs resulting
from PCA of shape. Signiﬁcant correlations could only
be found with PC2 (Fig. 3C). Because PC2 itself is not
correlated with cranial size, it represents a mode of
shape variation, which inﬂuences frontal sinus shape in-
dependent of cranial size, and independent of taxon.
Figure 4 shows actual spatial patterns of shape varia-
tion corresponding to PC1 and PC2. PC1 basically
expresses shape transformation from an average great
ape cranium to an average modern human cranium (Fig.
4A). Beside the obvious pattern of neurocranial expan-
sion and viscerocranial reduction characteristic of mod-
ern humans compared to the great apes, Fig. 4A reveals
why the great ape-to-human transformation is not corre-
lated with changes in Sf: facial shape change is best
characterized as a ‘‘rotation’’ of the midface around gla-
bella. Since the position of glabella remains ﬁxed rela-
tive to the endocranial cavity, frontal sinus shape is not
affected. Shape transformation corresponding to PC2
(Fig. 4B) can be characterized as a ‘‘rotation’’ of the
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Fig. 3. Correlation between frontal sinus shape and cranial shape
I: A: Cranial shape variability in a sample of hominins and Great Apes
(ﬁlled circles: H. sapiens; open circles: Neanderthals; square: Broken
Hill specimen; x: P. troglodytes; 1: G. gorilla; triangles: P. pygmaeus;
large/small symbols: males/females). B: Double logarithmic regression
of frontal sinus size Sf against cranial centroid size Sc (log Sf 5
25.514 1 2.473 log Sc; r
2 5 0.43; P < 0.0001). C: Double-logarithmic
regression of frontal sinus shape Sf (the residuals of the regression
function in B) against cranial shape component PC2 (Sf 5 20.0088 1
3.0890 PC2; r2 5 0.56; P < 0.0001).
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upper face away from the neurocranium, with prosthion
as a ﬁxed point. As a result, glabella advances toward a
more anterior position, giving rise to an intrafrontal
space, which is occupied by the frontal sinus. Simultane-
ously, the interorbital space is widened, giving addi-
tional space for sinus development. This pattern essen-
tially describes transition from an Pongo-like to an Afri-
can ape-like cranial morphology, but it is worth noting
here that hominins exhibit considerably more variation
along PC2 (i.e., in facial relative to neurocranial orienta-
tion) and, correspondingly, in sinus shape, than each of
the great ape species. This point will be discussed in
more detail later. Overall, shape transformation corre-
sponding to PC2 indicates that frontal sinus shape is
primarily determined by the orientation and shape of
the upper face (speciﬁcally the orbital cavities) relative
to the neurocranium.
Interestingly, modes of shape variation corresponding
to PC1 and PC2 are both associated with variation in fa-
cial relative to neurocranial orientation, which is typi-
cally described in terms of facial kyphosis. PC1 depicts
transition from the more airorhynch great apes
(upward-oriented face) to the more klinorhynch homi-
nins (downward-oriented face), while PC2 depicts transi-
tion from airorhynch Pongo to more klinorhynch Gorilla
and Pan morphologies. Our results show that facial
kyphosis is a descriptive category, which is not sufﬁ-
ciently precise to account for the multifactorial phyletic
and developmental basis of variation in facial relative to
neurocranial orientation and position.
DISCUSSION
Hominin fossils have often been described as having
extended paranasal sinuses (Weidenreich, 1943; Seidler
et al., 1997), but since the very beginnings of paleoan-
thropology, the idea that air-ﬁlled spaces may have
taxon-speciﬁc morphologies was received with scepticism
(Davis, 1865). The basic question is whether sinus form
results from the general scaling laws of the hominoid
cranium, or whether other explanatory factors, such as
phyletic grade shifts in sinus morphology (Rae, 1999), or
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Fig. 4. Correlation between frontal sinus shape and cranial shape
II: visualization of modes of shape variability. A: shape variability along
PC1 (Fig. 3A) corresponds to transformation of an average human cra-
nium (left; PC1 5 20.2) into an average great ape cranium (right, PC1
5 0.2). B: shape variability along PC2 (Fig. 3A,C) corresponds to
transformation of an average human/ape specimen with a small frontal
sinus (left, PC2 5 20.075) into an average human/ape specimen with
a large frontal sinus (right, PC2 5 0.075). Stippled lines indicate orien-
tation of orbital plane. Line graphs summarize major shape differences
(ellipse: braincase; quadrangle: face; black triangle: orbital cavity; gray
blob: frontal sinus): In A, the midface is shortened by ‘‘rotation’’ of the
facial complex around glabella (black circle); sinus size remains con-
stant. In B, the upper face is advanced by ‘‘rotation’’ of the facial
complex around prosthion (black circle). Note reorientation and elon-
gation of orbital cavities, as well as widening of interorbital space (see
top graph of B).
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speciﬁc sinus function, need to be advocated as explana-
tory factors. Empirical evidence from studies of higher
primates and humans tends to support the former view.
For example, in anthropoid primates, the size of the
maxillary sinus appears to be primarily determined by
facial dimensions (Koppe et al., 1999; Rae and Koppe,
2000), and this is true even when sinus size demonstra-
bly depends on external factors: A comparison of differ-
ent populations of the Japanese macaque, Macaca fus-
cata, showed that sinus volume decreases with decreas-
ing mean annual temperature, but that this is a side
effect of expansion of the nasal cavity (Rae et al., 2003).
The analyses presented here support the notion that
sinus morphology in fossil hominins follows the general
trends found in hominoid primates, and that potential
peculiarities of their sinus system basically reﬂect
taxon-speciﬁc features of their craniofacial morphology.
However, because the craniofacial morphology of fossil
hominins is clearly distinct from that of modern
humans, examination of their sinus morphology provides
new insights into processes of phyletic diversiﬁcation
and of cranial growth and development.
Comparison of the paranasal sinus morphology in the
fossil and modern human sample of this study shows
that variability in the fossil sample is considerable, both
qualitatively and quantitatively, but not greater than in
modern humans (Figs. 2 and 3). Most importantly, all
pneumatic variants seen in the fossil hominin sample
can also be found in modern humans, although they
tend to occur at lower frequencies (Weiglein, 1999). For
example, pneumatization of the orbital roof through
recesses of the ethmoid and/or frontal sinus is common
in fossil hominins, but also in modern humans (Wei-
glein, 1999), while pneumatization of the sphenoid wing
is a relatively rare but nonsymptomatic condition in
modern humans (Terra et al., 2006). Overall, clinical
case studies show that (pathological) pneumatization
can, in principle, affect all cranial bones, including the
parietals, occipital, and nasal conchae (Littrell et al.,
2004; Rebol et al., 2004).
Neanderthals assume an important place in the dis-
cussion of sinus morphology, because the notion that
Neanderthals are heavily pneumatized has almost
reached textbook status of knowledge (Laitman et al.,
1996; Rae and Koppe, 2004). However, as pointed out by
Vlcek in his comprehensive comparative study of Nean-
derthal frontal pneumatization, this hypothesis cannot
be upheld (Vlcek, 1967). This author characterizes Nean-
derthal frontal sinuses as cauliﬂower-shaped cavities
occupying large parts of the supraorbital region, which
are relatively uniform in structure, compared to the
highly variable frontal sinuses of modern humans. He
concludes that variation in sinus morphology closely fol-
lows evolutionary reorganization of the supraorbital
area: while the frontal sinus of Neanderthals is conﬁned
to the region behind the browridges and does not extend
into the moderately sloping frontal squama, pneumatiza-
tion in modern humans tends to invade the steeply rais-
ing frontal squama.
Our data also conﬁrm that, when related to craniofa-
cial anatomy, Neanderthal paranasal pneumatization is
not above human standards (Figs. 2 and 3). However,
there are subtle differences in sinus shape. Compared to
modern humans, the maxillary and ethmoid sinuses of
the Gibraltar 1 specimen have an elongated shape, and
the maxillary sinus a bulging anterior surface. This pe-
culiar morphology reﬂects the elongated midfacial archi-
tecture of Neanderthals (note the long orbital cavities in
Fig. 2A), and matches the shape of the facial surface of
the Neanderthal maxilla. The morphology of the latter
area is often described as ‘‘inﬂated,’’ such that the ques-
tion arises whether the bulging maxillae are formed
through ‘‘hyperpneumatization,’’ or whether their spe-
ciﬁc shape entails hyperpneumatization. Examination of
the midfacial morphology of immature Neanderthal
specimens shows that the latter scenario is the more
likely explanation. Even in the youngest well-preserved
Neanderthal specimen, the Mezmaiskaya neonate (Golo-
vanova et al., 1999), the facial surface of the maxilla is
large compared to modern human neonates (personal ob-
servation). The size of this surface is constrained by the
position of the alveolar process of the maxilla relative to
the orbits rather than by the size of the developing max-
illary sinus. Similarly, expansion of the maxillary sinus
into the zygomatic bone, as seen in the Forbes’ Quarry,
Neanderthal, and Broken Hill specimens (Fig. 2A–C),
seems to be a consequence of the comparatively large
zygomaticomaxillary interface. Zygomatic recesses are
well developed in the great apes, such that we assume
that this morphology represents the plesiomorphic condi-
tion in the hominoids.
The morphology of the frontal sinus of the Broken Hill
specimen conserves valuable clues about the craniofacial
development on the ontogeny of pneumatization in this
individual. Left–right asymmetry of the frontal sinus
(Fig. 2C) indicates that invasion of the frontal squama
from the respective left and right anterior ethmoid air
cells represented two independent growth processes. The
fact that similar spatial constraints and physiological
conditions of growth led to strikingly different morpholo-
gies in one and the same individual shows that sinus
formation has an important stochastic component.
The fan-like extension of the sinus into the frontal
squama contrasts with ﬁnger-like anterior extensions
into the glabellar region. We hypothesize that formation
of the squamous and glabellar portions of the frontal
sinus corresponds to two successive growth processes of
the face. As can be seen in modern humans, pneumati-
zation of the frontal squama presupposes a steep orien-
tation of the frontal squama relative to the orbits (Vlcek,
1967) (Fig. 2D vs. 2E). We suppose that, in Broken Hill,
a similar spatial relationship between the orbits and the
frontal squama existed during childhood and allowed its
pneumatization. On the other hand, anterior growth of
the sinus into the glabellar region is indicative of a later
morphogenetic process associated with substantial facial
advancement relative to the neurocranium, and forma-
tion of a prominent browridge. We suppose that this pro-
cess took place relatively late during development, and
that it might have been related to the development of
sexual dimorphism. Similar considerations might apply
to the Petralona cranium, which also exhibits a large,
fan-like squamous frontal sinus, and pneumatization of
the glabellar region by ﬁnger-like protrusions (Seidler
et al., 1997).
The spandrel null hypothesis predicts, in its quantita-
tive form, that pneumatization is largely an effect of cra-
nial developmental allometry. Because the face and the
braincase grow with positive and negative allometric
coefﬁcients, respectively (Ponce de Leo´n and Zollikofer,
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2001), nonfunctional spaces between various cranial
compartments must be bridged in some way to guaran-
tee biomechanical and structural coherence. But even
nonfunctional spandrels are submitted to evolutionary
optimization, such that formation of intraosseous air-
ﬁlled volumes can be seen as a strategy to minimize ma-
terial investment while maximizing biomechanical sta-
bility, similar to the formation of cortical, cancellous and
marrow-ﬁlled compartments in long bones. Overall,
thus, sinuses can be expected to reﬂect the position, ori-
entation, and size of cranial compartments relative to
each other rather than speciﬁc functions.
From this perspective, absence of sphenoid wing pneu-
matization in modern humans is an effect of the rela-
tively large temporal and frontal lobes of the brain,
which ﬁlls the respective regions between the temporal
fossa and the orbits. Likewise, the bulging shape of the
Neanderthal maxillary sinus reﬂects absence of a canine
fossa, and presence of a large sinus expanding into the
frontal squama of modern humans is related to their
bulging forehead.
Combining our null hypothesis with the functional
matrix hypothesis (Moss, 1986) led us to the proposition
that frontal sinuses are less constrained by surrounding
cranial compartments than other paranasal sinuses, and
that they represent the best candidates to detect poten-
tial structure–function relationships. Figures 3 and 4
show that variation in frontal sinus size and shape can
be explained statistically by variation in cranial size and
shape. Similar results were obtained for the relationship
between maxillary sinus dimensions and craniofacial
dimensions in hominoid primates (Rae and Koppe,
2000). Both maxillary and frontal sinus sizes scale to
cranial dimensions with a positive allometric coefﬁcient.
However, while maxillary sinus size scales isometrically
with facial size (Rae and Koppe, 2000), our data suggest
that frontal sinus size scales isometrically with neuro-
cranial size, and allometrically with facial size (TableT1 1).
Correlation between cranial shape and sinus shape
follows a more complex pattern. Transformation of an
average great ape cranium into an average hominin cra-
nium does not affect frontal sinus shape (Fig. 4A, PC1),
because it mainly affects size, position, and orientation
of the maxillae relative to the rest of cranium. The only
cranial shape component exhibiting correlation with
sinus shape was PC2, which captures major differences
in facial orientation between Asian and African great
apes, and also within modern humans (Fig. 4B). PC2
reﬂects change in facial orientation through rotation of
the upper face around a ﬁxed point near prosthion. This
gives rise to an expanded supraorbital space, which,
according to our data, is a precondition for extensive
frontal pneumatization. As shown in Fig. 3C, modern
humans exhibit greater variability along PC2 than
Neanderthals or any of the great ape taxa and, as a con-
sequence, frontal sinus dimensions are more variable
than in the other hominoids. It is worth noting that PC2
not only reﬂects variation in facial orientation, but also
in neurocranial shape, which changes from a more glob-
ular to a more elongated appearance (Fig. 4B). This pat-
tern of correlated shape change corresponds to the tran-
sition from a brachycephalic to a dolichocephalic human
cranium (Fig. F55). As shown earlier, this mode of varia-
tion is independent of age-related change in cranial
shape. Rather, it seems to represent differences between
individual morphotypes that are already formed at birth
(Zollikofer and Ponce de Leo´n, 2002). It remains to be
clariﬁed why humans, compared to the Neanderthals
and the great apes, exhibit more interindividual varia-
tion in the way in which the face is hafted to the brain-
case. A possible clue comes from the fact that the data
scatter along PC2 not only characterizes a human mode
of shape variation, but also captures major differences
between Asian and African great ape morphologies. We
hypothesize that this pattern of shape variation reﬂects
a phyletically old mode of ‘‘developmental wobbling’’ in
cranial shape, which governs both intra- and interspe-
ciﬁc diversity.
Interestingly, the presence of a squamous frontal sinus
has not been reported in Neanderthals, but it seems to
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TABLE 1. Allometry of frontal sinus size
Exponent SE R2 P
Cranium 2.47 0.46 0.43 <0.0001
Face 1.08 0.32 0.23 <0.0017
Neurocranium 1.37 0.34 0.30 <0.0003
Values represent allometric exponent SE, coefﬁcient of
determination, and levels of signiﬁcance of regression equa-
tions relating log10 frontal sinus size Sf to log10 centroid
size of the cranium (Sc), the face, and the neurocranium.
Fig. 5. Correlation between frontal sinus shape and cranial shape
in hominins. Transformation of an average hominin cranium with a
small frontal sinus (left; PC1 5 20.2, PC2 5 20.075) into an average
hominin cranium with a large frontal sinus (right, PC1 5 20.2, PC2 5
0.075).
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be a characteristic of H. heidelbergensis (as represented
by the Broken Hill, Petralona and Steinheim specimens;
(Prossinger et al., 2003)). It remains open whether co-
occurrence of this feature in H. heidelbergensis and in
modern humans represents homoplasy or homology. In
the latter case, it could indicate evolutionary continuity
between ‘‘archaic’’ and modern H. sapiens.
Taken as a whole, our data indicate that no speciﬁc
functional hypotheses need to be advocated to explain
variation in frontal sinus size and shape (note that there
is no taxon-speciﬁc deviation from the regression line in
Fig. 3C). Nevertheless, it is worth noting that only 56%
of the total variation in sinus shape can be explained
statistically by variation along cranial shape component
PC2. We suppose that most of the remaining variation
in sinus morphology can be understood as resulting from
the essentially stochastic nature of sinus morphogenesis
(see companion paper).
The basic developmental mechanism of paranasal
sinus formation is expansion of nasal mucous epithelium
into all surrounding bones ‘‘in an opportunistic manner
within the constraints of a particular biomechanical
loading regime’’ (Witmer, 1999). What might be called
the ‘‘expansive tissue hypothesis’’ (see Zollikofer and
Weismann, 2008, this issue) may serve here as a point
of view from which sinus morphology in fossil hominins
can be analyzed. One question that arises from the ex-
pansive tissue hypothesis is how cancellous diploic bone
is replaced by mucous tissue. As can be seen in the fron-
tal sinuses of the Broken Hill and Forbes’ Quarry speci-
mens, the less-developed sides of the sinuses extend to-
ward regions of low trabecular density in the diploic
layer. If this condition represents an incipient stage of
sinus formation on this side, the following scenario can
be hypothesized: rapid extension of the external table of
the frontal bone combined with a low rate of deposition
of extracellular bone matrix leads to thinning of the tra-
becular web, which in turn facilitates invasion of mu-
cous epithelium and replacement of cancellous bone by
air sacs. Furthermore, large intra- and interindividual
variability between homologous sinuses indicates that
the size and shape of air-ﬁlled regions is a function
of the rate and duration of mucous tissue growth, and of
the available space, which in turn depends on differen-
tial growth characteristics of the surrounding cranial
compartments.
Further work will be needed to test these hypotheses
in more detail. Nevertheless, while air-ﬁlled spaces in
the cranium of fossil and extant hominoids might ulti-
mately be best described as biological spandrels, it must
be acknowledged that even spandrels reﬂect the archi-
tectural design codes imposed by evolution and develop-
ment and thus constitute a rich source of information
about differential modes of growth and development in
fossil and extant hominins.
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